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Description 

This invention relates to deposition of protective coatings or films on various substrates such as glass, metals, and 
plastics. More particularly the invention is directed to adherent protective coatings on plastic surfaces such as sheets. 
5 films, and shaped artictes. Coatings which are abrasion resistant and protect against radiation damage to the plastic 
substrate are provided by the invention disclosed herein. The term protective coating means one or more layers of 
deposited material which provides protection against abrasion and UV degradation and reflects !R radiation. 
The technological importance of thin films has led to the development of a variety of deposition methods 
Chemical vapor deposition (CVD) produces a solid film on a substrate surface by thermal activation and surface 
10 icHction of gaseous reagents which contain the desired constituents of the film. Energy required to pyrolyze the reac- 
iHHis is supplied by healing the substrate. For reasonable reaction rates the substrate is heated to relatively hig^i 
icTipcratures in the range of about 500" to aOOO^F degrees. These temperatures preclude application of the process 
to horil sensitive substrate materials. 

PlHsma enhanced chemical vapor deposition (PECVD) supplies energy to the reactants by an electrical discharge 
»i in H gns which forms a plasma in the deposition chamber. Generally the substrate is immersed in the plasma. 

Polycarbonate is often the engineering material of choice lor glazing and optical applications because ot its high 
imp>i3i strength, low density, optical clarity, and good processibility. However, the polycarbonate material is soft, lacks 
qirtss-iikc abrasion resistance, and is sensitive to temperatures above about 300'F Prior wortc had shown thai a silicon 
o>ido coaling by plasma-enhanced chemical vapor deposition (PECVD) can Improve the abrasion resistance of poly- 
cr-.rbonriic. qualilying it for glazing applications. However, the prior PECVD technology using silane and nitrous oxide 
rtt. ihu piucursors was slow and therefoie uneconomical, having a typical deposrtion rale of only about 0.05 microns 
per minute. Organosilicon precursors were later used in PECVD (or a plasma-generated abrasion-resistant polymer 
cortting but the deposition rate was not significantly improved. 

Accordingly to a first aspect of the invention., there is provided a method of preparing an abrasion- resistant article 
^5 by pbioma deposition of a siBcon oxido-basod abrasbn-rosistant coating onto a plastic substrate v^ich comprises 
passing a plasma gas, through an arc plasma generator, injecting oxygen and a reactive gas into the plasnna as the 
plasma exits the plasma generator, directing the oxygen and reactive gas containing plasma towards a substrate po- 
sitioned on the axis ol the plasma plume in a vacuum chamber so that active species formed within the plasma contact 
Ihn suriace of the substrate. 

30 According to a second aspect of the invention, there is provided a method of depositing an adherent coating onto 

the surface of a substrate by plasma deposition which comprises forming an oxygen-containing plasma by a direct 
current arc plasma generator, injecting a reactant gas into the plasma outside the plasnna generator, directing the 
plasma (nto a vacuum chamber by a diverging nozzle-injector extending from the plasma generator into the vacuum 
chamber towards the substrate which is positioned in the vacuum chamber, whereby reactive species formed by the 

35 plasma from the oxygen and reactant gas contact the surface of the substrate for a period of time sufficient to form the 
adherent coating. 

Thus, a plasma arc method lor preparing a clear weather stable protective coatings on polycart>onate (PC) has 
been developed. The coating may be essentially stoichiometric silicon dioxide or sil'con oxide-based which contains 
small amounts of carbon and hydrogen. The term "silicon oxide-based' as used herein means a material which com- 

40 prises oxides of silicon and small amounts of carbon and hydrogen, organic residue from the organosilicon compounds 
used to form the material The coaling may impart glass-like abrasion resistance to the polycarbonate article. The 
coaling may be deposited at rales of up to about 20 microns per minute at a reduced pressure 25 with oxygen and an 
organosilicon compound such as hexamelhybisiloxane (HMDSO) may be injected into an argon plasma generated by 
an arc plasma torch. In the practice of this invention the surface to be coated may be positioned in the path of the 

45 active species generated by the plasma as they pass into and through the deposition or coating chamber of the appa- 
ratus. 

In specific embodiments of the inventor, the polycarbonate substrate surface can be pretreated with a primer 
inlerfacidi layer before deposition of the abrasion resistant coating material. The term "substrate", as used herein, 
refers to a structure such as a sheet or film whidi acts as the base or support for the material which forms the coating 
so or is one of a series of coatings. Generally, the substrate, although it can be a thin film, is relatively thick conrtpared lo 
the thickness of the coating. 

This invention includes methods tor high-rate deposition of silicon oxide-based weather-stable, abrasion-resistant, 
and radiation -stable proloctivc coalings on plastbs such as polycartsonalo. The term "high rate" deposition refers to 
deposit of coalings at a rale greater than about 5 microns per minute. The coatings must be optically clear and abrasion 
SS resistant and may satisfy other functional requirements such as providing infrared or ultraviolet protection, and adhesion 
improvement. The coating process must be operative at temperatures below the thermal dan^ge threshold, generally 
the glass transition temperature, ot the plastic substrate or an intermediate functional layer, such as an ultraviolei 
radiation absorbing layer, on which the coating or coalings are deposited. It is preferred to operate with the substrate 
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at a temperaiure at (east 20'C below the glass transition temperature, e.g. about 1 350C for polycarbonate substrates 

A plasma deposition method lor coalmg abrasion resistant coatings on plastic, according to one embodiment of 
the invention, use an expanded thermal plasma of argon generated by an arc plasma torch and injecting an organo- 
silicon precursor and oxygen into the plasma as it exits the torch to deposit a silicon oxide^ased coating under reduced 
pressure on the target surface has been developed. Polycarbonate film (10 mil thick) and sheet (0.125Mhick) pre- 
coated with about 4 to 8 microns of a silicone hardcoat were coated with silicon oxide-based using the plasma deposition 
method of this invention without direct cooling of the substrate. Optically clear coatings free oi microcracks were pro- 
duced without thermal damage to the substrate. The silicon oxide coating greatly improved the abrasion resistance of 
the composite as evidenced by Taber abrasion tests. The term "composite" refers to the substrate with its silicon oxide- 
based abrasion resistant coating and any other functional coalings whteh may be present. 

A water-cooled arc with a 4nrwT» cylindrical bore was used to deposit the coatings as described herein. The arc 
generator consists of a copper anode separated from 3 needle cathodes of thoriated tungsten by at least one electrically 
isolated metal plate. With argon flowing, a dc voltage is applied to the electrodes to generate a plasma. The plasma 
expands through a diverging or bell-shaped nozzle-injector into a deposition chamber maintained at a reduced pressure 
by a vacuum pump. The stainless steel nozzle-injector has two or more shower-ring gas distributors for the injection 
of reactive gases into the argon plasma stream. The nozzle- injector is heated to a temperature sufficient, eg, about 
200°C. to avoid condensation of reactive gas organosilicons such as HMDSO. The substrate is mounted on the jet 
axis by means of a metal stage at a working distance of about 15 to 70 centimeters from the anode. A retractable 
shutter can be inserted between the mounting stage and the nozzle to regulate the exposure of the substrate to the 
plasma. Polycarbonate and silfcon hardcoated polycarbonate substrates can be prepared for deposition coaling by 
washing with isopropyl alcohol and vacuum drying at about 80»C to remove volatile contaminants. 

The bore or central channel of the plasma torch need not be cylindrical. The bore can be cone shaped, widening 
as it approaches the discharge end of the torch. 

In atypical deposition procedure the argon plasma is established with a manually or automatically controlled block- 
ado or shutter inserted between the plasma source and the substrate. Oxygen is then introduced into the plasma to 
produce an oxygen/argon plasma. The shutter is retracted and the substrate is exposed to the oxygen/argon plasma 
for a short time, up about 30 sec. before the organosilicon reagent such as HMDSO» is introduced into the plasma lor 
silicon oxide deposition over a period ranging from about 3 to 30 seconds. Table 1 . beksw. shows the deposition rate 
for several deposition conditions In general, the heat load on the substrate can be reduced by lowering the argon flow, 
by increasing the working distance as measured from the anode, and by lowering the arc power Condition G70 allows 
an exposure of 60 sec without thermal damage to a 0.126- thick sheet of polycart3onate having a silicon hardcoat 
surface layer. ConditionG71 permits an exposure of 15 sec without thermal damage to a 10 milthick polycarbonate film. 
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Table 1. 



Illustrative coating conditions and deposition rates 





unit 


G71 


G70 


G66 


G67 


G64 


G59 


Substrate 


PC film 


MRS* 


Glass 


Glass 


Glass 


Glass 


















Argon flow rate 


l/min 


1.5 


2.0 


3.0 


4.0 


6.0 


6.0 


Oxygen flow rate 


l/min 


0.5 


0.5 


05 


0.5 


0.5 


1.0 


HMDSO flow rate 


l/m in 


0.12 


0.12 


0.12 


0.12 


0.12 


0 12 


Working distance 


cm 


38 


38 


38 


38 


38 


33 


Chamber pressure 


torr 


0.24 


0.28 


0.33 


0.41 


0.55 


0.59 


Arc power 


Kwatt 


4.19 


4.38 


4,53 


4.71 


5.00 


4.95 


Deposition rate 


p/min 


5 


8 


8 


8 


14 


16 



* Polycarbonate wilh a silicone hardcoat 



55 



Table 2 compares the abrasion resistance of two polycarbonate samples (0.125* thick) with and without silicon 
oxide-based coating deposited as disclosed herein and that of an uncoated glass plate. Haze was measured by using 
a Pacific Scientific XL-835 colorimeter before and after the sample is abraded on a Teledyne Taber 5150 abrader (two 
CS10F wheels, 500g each) for a number of cycles. Note the essentially glass-like abrasion resistance of the sample 
with the 1 .3 Mm silicon oxide coating. The cotorimeter was zeroed with an open path (no solid sample) before use. The 
negative readings at 0 cycles (before Taber abrasion) are artifacts of the calibratk>n procedure. 
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Abrasion rosistanco of Polycarbonate with and without PECVD siltcon oKido suffaco coating 









% Haze 




San^ple 


0 


100 


300 


600 


1 000 cycles 


PC w/ siliccMie hardcoat 


-06 


2 3 


5 7 


12.1 


16.2 


PC with 1.3 ^ silicon oxide plasma coating 


-0.3 


0.8 


1.3 


1.4 


1.9 


Glass 


-0.7 


0.5 


1.1 


1.7 


1.7 



High rale deposition of a conlinuously-graded or adrscretelygraded transparent coating on plastic resin subslrate, 
e.g. polycarbonate, was achieved by using a wail-stabilized plasma arc system of this invention. The coating was 
deposited at a rato ol about 8 microns per minute at a reduced pressure, with oxygon and an organosilicon compound 
as the reagents. Gradation was achieved by varying the feed rate ol oxygon, the organosilicon reagent, or both These 
graded coatings are characterized by gradual transition from a composition which is essentially ah interfacial oiaterial 
to a composition which is substantially an abrasion-resistant material. An interfacial nnaterial is one which is situated 
between the substrate surface and the abrasion-resistant material. In general the interfacial material has chemical and 
physical characteristics which make it compatible with and adherent to both the substrate and the abrasion-resistant 
material The coating greatly improves the abrasion resistance of the coated potycart)onate composite. 

A continuously graded coating was deposited by varying the feed rate continuously throughout the coating process. 
A discretely graded coating was made by changing the flow rate in a step fashion. It was demonstrated that an arc 
plasma could be operated smoothly with such changes in reagent feed rates, and both the gradation layer and the 
abrasion-resistant layer at the top surface of the coating could be made in an integrated process. A deposition rate ot 
about 8 microns per minute was typical. Good abrasion resistance was achieved with a 3 >im thick abrasion-resistant 
layer on a proper gradation layer on polycarbonate. 

Suitable silicon-containing reagents include silane. disilane. or organosilicon compounds like lelramethyldisiloxane 
(Tf^DSO). hexamelhyldisiloxane (HMDSO). tetraethyl orthosilicate, hexamethyldisilane.oclanr>ethylcyclotelrasik)xane 
(D4), arxl tetramethylcyctotetrasiloxane. The oxidant can be oxygen or nitrous oxide. 

m a typical deposition procedure the argon plasnria was established with the shutter inserted between the substrate 
and the nozzle-injector. Oxygen was then introduced to the nozzle-injector to produce an oxygen/argon plasma. The 
shutter was retracted and the substrate was exposed to the oxygen/argon plasma for a short time before the silicon- 
containing reagent was introduced downstream from the oxygen injection point to initiate deposition over a period 
ranging from about 3 to 60 sec. The feed rates ot both HMDSO and oxygen could be varied during deposition to change 
the coating properties. Typically, low oxygen/HMDSO ratios were used tor the gradation portion of the coaling and high 
oxygen/HMDSO ratios were used for the abrasion-resistanl top or outermost layer. 

In Table 3 the abrasion resistance of coated polycarbonate samples (0.125" thick) with and without gradation is 
compared. Haze was measured by using a Pacific Scientific XL-835 colorimeter before and after the sample was 
abraded on a Teledyne Taber 5150 abrader (two CSIOF wheels. SOOg each) for the indicated number of cycles. 

Table 3. 



Coatings on Polycarbonate and Their Performance in Taber Abrasion Resistance Measurements 


Ho. Gradation Flow rate (l/min) 
Ar/02/HMDS0 


Coating thickness (m) 


Initial haze 


< %Aha2e after Cycles 


Graded 


Abrasion 


(%) 


600 


1.000 


G95 none 2/0.62/0.12 


0 


2 


0.7 


49 




G115 discrete 2/0.16-0.62/0.12 


2 


3 


1.7 


0 


1.6 ^ 



This invention provides a method for preparing clear silicon oxide-based coatings at high rates by plasma arc 
deposition. Demonstration ot the method uses silane or an organosilteon compound as the silicon source, and oxygen 
or nitrous oxide as the oxidant. Deposition rates up to about 30 microns per minute were achieved. 

This embodiment ol the invention is a method for high-rate depositkDn of silicon oxide. Pr»r wotk had shown that 
a silicon oxide coating can be made by plasma-enhanced chemical vapor deposition (PECVD). Coatings so prepared 
showed good gas-barrier properties usefulforfood andmedical packaging, added abraskwi resistance to polycarbonate 
and other plastics, dielectric properties suitable for an insulator in integrated circuits, and protective f unctksn for anti- 
corroskxi applications. However, the prior art PECVD process is slow, with a typfeal deposition rate of about 0.05 
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microns per minute. It is very Imporlanl to develop a high-rate deposition method of protective coaling which improves 
the coating economics. 

A method of making silicon oxide coalings at high rales was developed by using a wall-stabiltzed plasma arc. as 
described herein, which comprises generating an argon plasma jet in a vacuum chamber injecting a si I icon -containing 
precursor and an oxidant into the plasma jet, and impinging the jet or the residue of the jet and its reactive species on 
a substrate situated in a reduced-pressure environment. The reaclant pases are injected into the plasma jet at a point 
beyond the plasma generator, i.e. after the jet has exited the generator. 

In a typical deposition procedure the argon plasma was established with the shutter inserted between the substrate 
and the nozzle-injector. Oxygen or nitrous oxide was then introduced to the nozzle-injector to produce an oxygen/argon 
plasma. The shutter was retracted and the substrate was exposed to the oxygen/argon plasma for a short time (i lo 
30 sec) before the silicon-reagent was Introduced downstream from the oxygen to initiate silicon oxide deposition. 
Table 4 lists coating conditions and the corresponding deposition rates. The major constituents of the coatings are 
silicon and oxygen, although cart>on and hydrogen are also present, in small anriounts in some samples. 
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Table 4. Coating Conditions and Deposition Rates 



20 



30 



35 





Unit 


G39 


G59 


G241 


G253 


Argon flow rate 


Umin 13.0 


6.0 


1.0 


1.0 


Oxidant 




N20 


02 


02 


02 


Silicon reagent 




2%SiH4/Ar 


HMDSO 


TMDSO 


04 


Working 
distance 


cm 


38 


33 


25.5 


25.5 


Chamber 
oressure 


torr 


0.33 


0.59 


0.15 


0.16 


Arc voltage 


V 


82.5 


42.5 


41.5 


41.5 


Arc current 


A 


B1.6 


60.0 


60.5 


61.0 


Deposition rate 


pm/min 


1 


16 


12 


24 



The high-rate deposition system of this invention was designed to deposit thin-film coatings on both high and tow 
temperature substrates, including plastics. The system consists of a vacuum chamber with an arc torch for plasma 
generation, plasma gas and reactant gas injection means, a nozzle-injector for injection, activation and reaction of 
chemical reagents, a substrate stage, and a pumping station to provide the reduced pressure for the vacuum chamber 

This method was used to deposit abrasion-resistant coalings of silicon oxide, from various silanes or slloxanes 
and oxygen or nitrous oxide. Tilania coalings can be deposited from titanium isopropoxide and oxygen. Zinc oxide can 
be deposited from diethyl or dimethyl zinc with oxygen. Diamond-like carbon coatings can be deposited from various 
hydrocarbons. Substrate materials included metal, glass, metallized glass, and plastics. 

Various coatings were deposited by using the arc plasma deposition system. They Include abrasion-resistant coal- 
ings Irom various sitoxanes and oxygen, silica coatings from silane and nilrous oxide, litania coalings from titanium 
isopropoxide and oxygen, and diamond-like carbon coalings from various hydrocarbons. Substrate materials include 
metal, glass, metallized glass, and plastics such as polycarbonate, with and without a silicone hardcoat Clear, abrasion- 
resistant coatings, 30 cm x 30 cm in area with a deposition rate of 30 jim/min at the center, were demonstrated. The 
coating greatly improves the abrasion resistance of polycarbonate. 

A water-cooled cascaded arc with cither a cylindrical or a divergent arc channel was used. The arc generator 
consisted of a copper anode separated from 3 needle cathodes of Ihoriated tungsten by from 1 to 8 electrically isolated 
copper disks. With argon flowing, a DC voltage was applied to the electrodes to generate a plasma. The plasma 
expanded through a conical nozzle-injector into a chamber maintained at a reduced pressure, thus forming a plasma 
jet. The nozzle-injector had several shower-ring gas distributors having from 8 to 32 holes each evenly distributed or 
sm-ring injectors for the injection of gasA/apor into the argon plasma jet The oxygen injecior was upstream from the 
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such »s HMDSO and trt«nium isopropoxide. A polyca*onaie substrate .^s supported «^ 

temperalure<«,trolted copper Stage aiaworkir,9disianceo1about15to70cent|^^^^^^ 

shutter was used toregulate the exposureoJ the substrate to me plasrnaPolycarbonaieandpolycarborialew^ 

5 ^.TsubtStes w^^^ washed'l^h isopropyl atoohol and vacuum dried a. abou, 80-C before use ^^<f _ 
AS previously the arqon plasma was established with the shutter inserted between the substrate and the noKte 
injector Oxyqen was introduced to the nozzle-iniectorto produce an oxygen/argon plasma. The shutter was retiacted 
Z Z suS^^rate was exposed to the oxygen/argon ptesma for a short lime (0 to 30 sec) ^ejore V^XBn^^^^^^^ 
HMDSO or D4 was introduced downstream from the oxygen to initiate depos«Kjn over a P^"^'*''^'^^'^'^. 

IP about 3to 30 sec, A deposition rate of 10-30 microns per minute was typical, with no themral »° 

bonate substrate. Potyc^nate films as thin as 10 mils have been coated. The coating greatly """^^f^f J^^^ 
riistanceofthepolyLrbonate.exhibitin9aha2eincreaseoflessthanabout2%after1.000cyclesofT&berabra^^^ 

bv a oair o1 CS10F wheels wilh a load of 500 g per wheel. : 

aher coatings deposited include zinc oxide, titanium oxWe. and diamond-like carbon. The ftan.um o^'de and z mc 
« oxidecoalings demon^rated a UV-filtering capability The diamond-like carbon coating exh*>.ted supenor dielectr.c 
properties with a breakdown strength in the range ol 300-400 V^im. a,^ 
aear titanium oxide coatings on potycarbona.e surfaces were prepared at tow '^^f^'^X .^r «8uTe v^S 
deposltton . The coaling was typically deposited at a rate of about 0.2 microns per minute at a reduced pressure wilh 
oxygen and titanium Isopropoxide being injected into an argon plasma generated by a cascaded are. 
20 Transparent titanium oxWe coatings have been used on optical lenses on UV-sens,t.ve plastcs 'o^UV frttenng 

and as a Component in stack coatings lor IB reflection in glazing applications The coafng '^^^^"^^^^ 
oroanic chemfcal vapor deposition (MOCVD). reactive sputtering, and plasma^nhanced chemical vapor deposition 
(pTS tSoTquirerSe substrate bi heated to about 400-C. thus can only be applied «° ►^'S^-'^^^^^'-^ 
substrates such as glass. Reactive sputtering or PECVD can be operated at tower temperatures, but the deposition 

ss ratQ is low at about 0.01 -O.05 microns por minuto. ^ . . , 

The methc^ol this invention provides high-rato deposition of metal oxide films such as titanium and zinc oxxJes 

on substrates such as glass metal, and plastics. „in--« .at in a 

Titanium oxide coatings were deposited at high rates and low temperatures by using a an argon Pf«^ " ^ 
vacuumchamber.injectinganorganotitanium reagent andoxygenintotheplasma jet, andtfrec^ng^^^^^ 
30 situated in a reduced pressure environment. Optically clear titanium oxide coatings were obta««d with no microcracks. 
The UV-filtering capability of the coating was demonstrated. e,oi.,i»« no27ie- 

The wall-stebilteed plasnta arc wtth a cylindrical bore, previously descnbed. was used. The stainless steel 
iniec or h^ two shower-ring gas distributors having B to 16 holes each for the injection of gasArapor mto the argon 
p as^ .ef A^Tt^^Te shuUer was used to regul^e the exposure of the substrate to the ^^-^'-^l^^'^^^^Z 
« was established with the shutter inserted between the substrate and the nozzle-^jeclor. Oxygen was 'ntrodu^ to the 
nozzle-injector to produce an oxygen/argon plasma The shutter was retracted and the substrate v«s exposedto the 
oxygen/aSn plasma for a short tL, generally up to about 30 seconds, before titanium *-P~^^^„^^'"^^^^S 
dol^stream from the oxygen to initiate titanium oxide deposition over a penod ranging ^'°^''°^'^^J^°^, 
glass was used as the substrate, essentially similar coating conditions can be used 
40 bonate withoutcausingthermaldamagetothe plastic. In one example, the '''^'"'^^^'^'^''^^^Sj^^^^^^ 
was made at a deposition rate of about 0.23 microns per minute. The coating was transparent. Its UV f Itenng «pabiWy 
was confirmed by UV-visible spectroscopy. The coating was chemically stable in wamn water soak test. No haze in- 
crease was obsen^d alter the coating was nnnftersed in 65'C water lor 1 5 days, 

Zinc oxide coatings have been deposited on glass, quartz, and polycarbonate substrates using diethyl zinc and 
•« oxygen as reagents. The UV filtering capability olihe resulting coating was derrwnstrated. rt,„.^i„„ 
Acylindric^l vacuum chamberOTmin diameter andlmkxtg IS oriented horizontally. At erne e^^^ 
open door lor excess to the inside oJ the chamber An arc generator is mounted at the center ol « 
the chamber and is electreally supported by a power supply and an starter. A nozzle-injeclor is a«t«*'ed to the arc 
from insWe the chamber, and various feedlhroughs are used to penetrate the door for vapor ^'^ ^^^'^'^.^ 
so electrical heating to support the nozzle-injector. The vapor lines and the nozzle-in)eciof are kept at abou ISO C by 
heating tapes to avoid vapor condensation. A vertical copper substrate stage with lorced lk,uid circulator, lor lernper- 
ature control is on wheels and is movable along rails for working distance adjustment, A moVbdenum shutter is placed 
between the nozzle-injector and the substrate stage. It is mounted to a movable (linoarmotion) Icedthrough for '"sor^ion 
and retractton. At the other end of the chamber is a 1 2' flange leading to a throttling gate valve and a pumping statwn 
SS consists of two Roots blowers in series backed by a mechanfcal vacuum pump. . ^ „,;h»« 

Polycarbonate sheet 4" square. 1/8' thick was used as the substrate. Other substrates used include glass slides 
silicon wafers, polycarbonate sheets and films, polyimide films graphite sheet, caibon steel coupons and ^V^'^J 
glass The substrate can be prepared by first removing any masking films, washing the substrate twice with isopropyl 
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alcohol to remove any residue of the adhesive, and baking in vacuum at 8Cy*C. It is then taken out of the vacuum oven 
and quickly mounted to the substrate stage preheated to 80*C or other pre-sel temperatures The door is closed and 
the chamber is pumped down by opening the roughing vatve to Ihe mechanical pump When a partial vacuum {10 torr) 
is reached, the gale valve is opened and the Roots btowers are turned on to establish full pumping. 

With the shutter Inserted, the arc Is ignited with argon flowing Oxygen is then introduced through the nozzle- 
Injector to produce an oxygen/argon plasma. The shutter is retracted and the substrate is exposed to the oxygen/argon 
plasma lor a period of time, typically 0 to 10 sec. for pretreaiment. After that, the silicon reagent is introduced into the 
injector downstream from the oxygen injector to initiate deposition. The deposition lasts from a few seconds to a few 
minutes, depending on the deposition rate and the coating thickness targeted, and is ended by shutting ofl the silicon 
reagent. The coaling is post-treated by oxygen/argon plasma for a period of lime, typically 0 to 10 sec. before the arc 
is extinguished. Listed in Table 7 are typical operating conditions and the corresponding deposition results. 

A particularly preferred silcon reagent is octanrwthyteyclotetrasiloxane, identified herein as D4. Coatings prepared 
from this precursor exhibited a surprising improvement in UV stability The low absorbance of the coating at several 
wavelengths correlates well with superior performance in accelerated weathering tests. With other organosilicon rea- 
gents such as TMDSO abrasion resistance generally degrades after 1 000 hours of exposure. See Tables 5 and 6, below. 



Table 5 
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UV Absorbance of D4 and TMDSO Coatings at 5 \xm Thickness 


Wavelength (nm) 


D4 coating 333!? 


TMDSO coaling G 168 


300 (UVB) 
325 

350 (UVA) 


0.012 
0.012 
0.007 


0.067 
0.040 
0.031 


G339 deposited at 0.04 torr; G 168 at 0.21 torr 



Table 6 



Taber Abrasion Resistance of D4 and TMDSO Coatings before and after CHJVB 


Coating 


Thickness {\x) 


Precursor 


Deposition Pressure (torr) 


QUVB (hours) 


AHaze 1 .000 cycles 
500 g each 


G266-6 


1.3 


TMDSO 


0.11 


0 


3.7% 


G265.3 


1.3 


TMDSO 


0.11 


1.200 


6.8% 


G297 


2.0 


D4 


0.03 


0 


1 .6% 


G310-1 


1.9 


D4 


0.04 


1.000 


1 .4% 



All coatings were deposited on polycarbonate substrates with silicon hardcoat surface. 

In other examples (Q295. G296). the isopropyf alcohol wash and vacuum baking of the samples were omitted and 
the deposition was done at room temperature. No loss of deposition rate or the abrasion resistance of the coating was 
obsewed (vs. G297). 

Chemical reactions take place during the deposition process. Possible reactions include oxidation and polymeri- 
zation. The oxidation reaction is encouraged by the presence of oxygen In the plasma. With an increase in oxygen4o- 
sitoxane ratio in the feed, the coaling deposited showed an increased oxygen content and a decreased carbon content 
as measured by X-ray photoelectron spectroscopy. Beyond a certain oxygen>to-siloxane ratio, totally inorganic oxide 
coatings were obtained. For oxygen to HMDSO ratio of about 5:1 produced an essentially carbon-free coating of silkx>n 
oxide. 

Polymerization of sitoxane is a competing chembal reaction which can form a clear adherent coaling from stbxane 
alone in the absence ol oxygen. Plasma assisted polymerization of siloxane is also well documented in the PECVD 
literature. In the presence of oxygen, however, oxidation be the dominant reaction in the formation of silicon oxide and 
consumption of siloxane. 

II is believed thai chemtccil reaclions occur in the gas phase, bul il is also possible that the reaction continues at 
the surface of the substrate. Chemical reactions require the collision of reactants. Therefore, the higher the pressure 
the higher the probability of reaction. The pressure along the plasma channel drops from atx^ve 200 torr at the argon 
inlet to as low as 0.03 torr In the chamber, with major transition taking place in the arc and the nozzle-Injector. The 
reaction zone is therefore primarily in the nozzle-injector, downstream from the inject ran point of siloxane. The substrate 
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surface is another place where collision of species occurs. 

The argon plasma contributes to the activation of oxygen and siloxane. The arc is known for its high plasma density 
and ionization efficiency, and is generally referred loas a thermal plasnr^ approaching local thermodynamic equilibrium. 



Table 7. 



Typical Abrasion-Resistant Coatings on Polycarbonate with Hardcoat 




Run no. 


G95 


G202 1 


G265 1 


G265 


G297 


Apparatus 






Arc^ 
Nozzle- 

injector'^* 


8G(4mm) 
25** 2-slage 


8C(4mm) 
25" 4"conic 


3D(3.4.5mm) 
40** 4 "conic 


3D(3,4.5mm) 
40* 4 'conic 


1D<2-Smm) 
40° 4"trombone 


Operating eondi 


tions 




Working 
distance^ (cm) 


38 


25.5 


23 


255 


25.5 


Substrate, 
temp <'*C) 
Arc current (A) 
Arc voltage (V) 
Pressure (torr) 
Siloxane used 
Flow rate (1/ 
min) Ar/02/ 
siloxane** 


25 

61 

77 

0.17 

HMDSO 

2/0.62/0.12 


80 

60 
77 
0.16 
TMDSO 

1.5/0.8/0.18 


80 

61 
42 
0,11 

TMDSO 

1/0.4/0.14 


80 

60 
42 
0.14 
D4 

1/0.8/(80*0) 


80 

60 
30 
0.03 
D4 

1.5/0.a'(80*C) 


Besutts 






Dep. rale* (lirrV 
min) 

Coating area 
(cm dia) 
Thickness® 
(^m) 


8 

<10 
1.4 


12 

10 
20 


8 

>40 

1.3 


21 

>40 

1.8 


14 

>40 

2.0 


Coating perfon 


mance 






AHaze at 1.000 
Taber cycles 
(CS-10F) 
Water soak (55 
*C. 10 day) 
Thermal 
cycling 


3.5 


2.9 

pass 
pass 


3.7 

pass 
pass 


3.9 

pass 
pass 


1.6 

pass 
pass 



10 



15 



20 



30 



3S 



40 



46 



SO 



and 5 mm. The 1 D(2-Smm) is a 1 -plate arc with a <liver«enl arc channel expandinQ from 2 to 5 mm in diameter. 

*> A nozzle-injector may consist of a main body wilh 2 shower injection rings, an adapter to the anode with or without an oxygen slit ?" 
extension that expands toward the substrate. The 2S» S^tage is a nozzle-injector with an anode adapter expanding from 4 to 11 mm. ^"^^^^^ 
a cylindrical section at 11 mm dia. and a main body expanding at 2Sr . The 2S-^inch oonic la a nozzle-lnjectof expandmg at a total imgte o ^ 
throughout, with an anode adapter wrth oxyflen iniection And a conic extension 4- bng. The 40-^ inch conK is a nozzte-injeclorjwpand^ at 40» 
throughout. wHh an anode adapter vnth oxygen injection and a conic extension 4 inches long. The 40r-4 inch trombone is a nozzlennieclor sanilar 
lo the 4(y*-4*conic except that the extension ftaras out mofe by using a 4 inch section cut out from a trombone. 
^ Woriang dslance is the distance from anode to substrate. 

** W now rate was not raeasured but was controlled by keeping the liquid temperature constant at SO-C. 
® Average of 1 0 cm diameter area ai center. 



Claims 



1. A method ot preparing an abrasion- resistant article by plasma deposition ol a silicon oxide-based abrasion-re- 
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